Introduction
============

Type 2 diabetes mellitus (T2DM) is becoming one of the most pressing health issues facing society. Although T2DM is well described in terms of its hallmarks, namely insulin resistance and chronic hyperglycemia, the factors responsible for T2DM progression remain largely unknown. It is well accepted that the most reliable predictor for the disease is obesity ([@bib1]). Therefore, anti-obesity effects have been heavily examined as potential therapeutic targets for T2DM in current healthcare research ([@bib2], [@bib3]).

For obesity prevention, most of the interest in developing alternative strategies targeting related processes, namely glucose transport and intake, differentiation of adipogenesis, suppression of inflammation and changes in the immune response, is centered around lifestyle modification and pharmacological intervention ([@bib2], [@bib3]), although anti-diabetic drugs and insulin are not generally associated with weight loss ([@bib4]). However, dysregulation of iron homeostasis and the associated oxidative stress are linked to the development of obesity-associated metabolic disturbances, including T2DM ([@bib5]), metabolic syndrome ([@bib6]), central adiposity and cardiovascular disease ([@bib7]). Iron has been shown to be accumulated in the liver and adipose tissues of patients and rodent models with diabetes mellitus (DM) ([@bib5], [@bib8], [@bib9], [@bib10]), but less is understood about the mechanisms underlying these associations. In adipose tissue, intracellular mediators of iron homeostasis, including iron uptake through divalent metal transporter (DMT1) and transferrin receptor (TFR), iron storage through transferrin and iron export through ferroportin (Fpn), contribute to changes in physiology and adipogenesis ([@bib8], [@bib11], [@bib12]).

However, there are still some conflicting findings concerning the impact of obesity on the adipose iron status, as some studies have determined that obesity is associated with iron deficiency and hyperglycemia despite enhanced insulin sensitivity ([@bib13]). Conversely, it is well demonstrated that excess iron in adipose tissue boosts adipose tissue dysfunction, resulting in decreased adipogenesis and enhanced adipocyte inflammation and adipose tissue macrophage infiltration ([@bib8], [@bib11], [@bib14]). Consistently, iron overload has detrimental effects on adipocyte differentiation at the cellular level, whereas iron deprivation reverses this effect completely ([@bib15], [@bib16]). In humans, therapeutic phlebotomy has been shown to improve insulin resistance, diabetes and metabolic syndrome including hypertriglyceridemia, non-alcoholic steatohepatitis and obesity hypoventilation syndrome, especially in conditions associated with iron overload ([@bib17], [@bib18], [@bib19]). Therefore, it is conceivable that the use of iron chelators significantly delays the development of obesity ([@bib9]).

Recently, our study demonstrated that desferrioxamine (DFO), a classical iron chelator, had safety- and efficacy-associated effects on hepatic steatosis and weight loss in ob/ob mice via suppression of redox damage and an increase in hypoxia-inducible factor-1α (HIF-1α) activity, resulting in an increase in proteins related to lipid metabolism, including peroxisome proliferator-activated receptor-γ (PPARγ), PPARγ co-activator 1 alpha (PGC-1α) and uncoupling protein (UCP) 1 ([@bib10]). Of note, adipose tissue highly expresses HIF-1α due to the inability of the tissue to mount compensatory angiogenesis in obese mice and individuals ([@bib20], [@bib21], [@bib22]), whereas the inhibition of HIF-1α in adipocytes induces glucose intolerance and severe obesity ([@bib23]), suggesting that HIF-1α might act as a key factor for hypoxia adaptation in adipose tissue ([@bib24]). These findings prompted us to explore the precise molecular mechanism responsible for the effects of iron on lipid metabolism. In the present study, in addition to antioxidant and anti-inflammatory actions ([@bib9]), we found that DFO might play a role in ameliorating the iron overload associated with obesity by increasing UCP1, PPARγ, PGC-1α and HIF-1α expression and by improving insulin resistance of adipose tissue via the corresponding signaling pathways.

Materials and methods
=====================

Animals and treatments
----------------------

Male ob/ob mice (aged 24 weeks, Jackson Laboratory) were randomly divided into groups: vehicle and DFO (8 mice per group). As described in previous reports, mice in the DFO group were given DFO (Sigma D9533, 100 mg/kg body weight, dissolved in saline, intraperitoneally once a day (i.p.q.d.)) for 15 days ([@bib10]). Mice in the vehicle group were treated with the vehicle control. Obese mice and age-matched WT (C56BL/6J) mice were housed in a temperature-controlled (22 ± 2°C) environment on a 12-h light/dark cycle with free access to food and water. The general health and body weights of the animals were monitored for the duration of the experiment. After the treatment, the white adipose tissues of the epididymal fat were rapidly collected with the animals under anesthesia, and bisected halves were fixed in 4% paraformaldehyde in phosphate-buffered saline or snap-frozen in liquid nitrogen and stored at −80°C for future assessment. Experimental procedures were performed in accordance with the National Institutes of Health guidelines and were approved by the Laboratory Animal Ethical Committee of Northeastern University.

Histological evaluation
-----------------------

Samples from the epididymal fat pads of all mice were routinely fixed in 4% paraformaldehyde for at least 24 h, embedded in paraffin and cut into 6-μm sections according to a standard protocol. Then, the fat pad sections were stained with hematoxylin and eosin (H&E). The sectional areas of the epididymal fat pads of each animal were then evaluated to quantify the sizes of the fat droplets using a light microscope equipped with a digital camera (DM4000B, Leica).

Immunohistochemistry, immunofluorescence and iron histochemistry with Perl's staining
-------------------------------------------------------------------------------------

To detect iron accumulation in the epididymal fat tissue, 3,3′-diaminobenzidine tetrahydrochloride (DAB)-enhanced Perl's staining was implemented as previously described ([@bib25]). Briefly, 6-μm sections were routinely dewaxed, rehydrated and treated in 0.1 M Tris-buffer saline (TBS, pH 7.4) containing 3% hydrogen peroxide (H~2~O~2~) for 10 min, and the sections were then immersed in Perl's solution containing equal parts of freshly prepared aqueous potassium ferrocyanide (2%) and hydrochloric acid (2%) for 30 min. For immunohistochemistry, the antigens of the rehydrated adipose or liver tissue sections were repaired by microwave in citric acid buffer for 3 min. The sections were then washed, treated with 5% bovine serum albumin for 30 min and subsequently incubated overnight with rabbit anti-Hepcidin (1:100; Santa Cruz Biotechnology) at 4°C. The sections were rinsed and then incubated with biotinylated goat anti-rabbit IgG (1:200) for one hour, followed by streptavidin peroxidase incubation for one hour at room temperature. Afterward, the sections were rinsed and finally intensified with 0.025% DAB plus 0.0033% H~2~O~2~ in TBS for 10 min. After washing, the slides were dehydrated, cleared, covered and measured under a light microscope equipped with a digital camera (DM4000B, Leica). For immunofluorescence, sections of adipose tissue were treated with rabbit anti-TFAM (Mitochondrial Transcription Factor A, 1:50; Bioss, Beijing, China), DAPI and MitoTracker Green (KGMP007, KeyGen Biotech, Nanjing, China). Images were captured on a fluorescence microscope (Leica, SP8). The control sections were treated with identical solutions but without the primary antibody and were processed as described earlier.

Transcript quantification
-------------------------

Quantitative RT-PCR was performed as described previously ([@bib10]). Briefly, mRNA was extracted from the epididymal adipose tissues using TRIzol (Invitrogen), and synthesized into cDNA using the Prime Script TM RT Reagent Kit (Takara). Quantitative PCR assays were performed with the SYBR Green PCR Master mix (Promega) using a MiniOpticon Real-Time PCR detection system (Bio-Rad), and the values were normalized to GAPDH. The following PCR primers were used for quantification: *TNFα*: forward, AGCCCCCAGTCTGTATCCTT and reverse, ACAGTCCAGGTCACTGTCCC; *IL-1β*: forward, TTCAAATCTCGCAGCAGCAC and reverse, GTGCAGTTGTCTAATGGGAACG; *IL-2*: forward, GCCCAAGCAGGCCACAGAAT and reverse, GGGCTTGTTGAGATGATGCTTTGA; *IL-6*: forward, TGTCTATACCACTTCACAAGTCGGAG and reverse, GCACAACTCTTTTCTCATTTCCAC; *Hepcidin*: forward, TGCCTGTCTCCTGCTTCTCCTCC and reverse, TCGCAATGTCTGCCCTGCTTTC; and *GAPDH*: forward, GGATTTGGTCGTATTGGG and reverse, TCGCTCCTGGAAGATGG.

Measurement of ROS
------------------

To determine whether DFO treatment decreased oxidative stress in adipose tissues, reactive oxygen species (ROS) production was measured using 2′,7′-dichlorofluorescein diacetate (DCFH-DA) according to the manufacturer's protocol (E004, Jiancheng Biology, Nanjing, China). The DCF fluorescence intensity was measured at the 485 nm excitation and 525 nm emission wavelengths using a microplate reader (Synergy/H1, BioTek).

Western blot analyses
---------------------

Samples from the adipose tissues were lysed in an ice-cold lysis buffer containing a protease inhibitor cocktail (Sigma-Aldrich), and the obtained protein concentrations were determined using the bicinchoninic acid (BCA) protein assay reagent (Pierce Biotechnology). Proteins (30 mg) were subjected to SDS-PAGE, transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore), and incubated overnight at 4°C with a panel of specific antibodies. Primary antibodies against rabbit anti-DMT1 (1:3000, Alpha Diagnostic, Paramus, NJ, USA), rabbit anti-Glycogen Synthase Kinase 3α/β (GSK3α/β, 1:1000, Cell Signaling Tech (CST)), rabbit anti-p-GSK3α/β (1:1000, CST), rabbit anti-HIF-1α (1:1000, Novus, Littleton, CO, USA), rabbit anti-insulin receptor (IR, 1:1000, CST), rabbit anti-p-IR (1:1000, CST), rabbit anti-c-Jun N-terminal kinase (JNK1/2, 1:1000, CST), rabbit anti-p-JNK1/2 (1:1000, CST), rabbit anti-NF-κB p65 (1:1000, CST), rabbit anti-P38 (1:1000, CST), rabbit anti-p-P38 (1:1000, CST), rabbit anti-PGC-1α (1:1000; CST), rabbit anti-PPARγ (1:1000; CST), mouse anti-SLC40A (Fpn, 1:1000, Abcam), mouse anti-transferrin receptor (TFR, 1:1000, Invitrogen) and rabbit anti-UCP-1 (1:3000; R&D) were used to probe the membrane. β-Actin (1:10,000, Sigma) was used as a normalizing control. After washing, the membranes were incubated with horseradish peroxidase (HRP)-labeled secondary antibodies (1:5000; Santa Cruz Biotechnology) for 1 h. Blots were visualized using ECL Kits (Pierce Biotechnology) and ChemiDoc XRS with Quantity One software (Bio-Rad). The band intensities were quantified using ImagePro Plus 6.0 analysis software.

Statistical analyses
--------------------

All assays were performed at least in triplicate, and the values are expressed as the mean ± standard deviation ([s.d.]{.smallcaps}). Differences between the means of two groups were compared using an unpaired two-tailed Student's *t*-test. Statistical significance was considered at *P* \< 0.05.

Results
=======

Effects of obesity on iron status and metabolism of adipose tissue
------------------------------------------------------------------

In light of studies that have suggested pivotal roles for the adipose iron status in obesity ([@bib5], [@bib8]), we first evaluated the concentrations of iron in adipose tissues from genetically 26-week-old obese (C57BL/6J, ob/ob) mice and age-matched WT C57BL/6J mice. As shown in [Fig. 1A](#fig1){ref-type="fig"}, DAB-enhanced Perl's staining analysis revealed that iron deposits were statistically increased in the epididymal fat pad of adult ob/ob mice compared with WT mice. As expected, the expression levels of UCP1 and PPARγ were markedly decreased in the adipose tissues of ob/ob mice ([Fig. 1B](#fig1){ref-type="fig"}, [C](#fig1){ref-type="fig"} and [D](#fig1){ref-type="fig"}, *P* \< 0.05). In addition, the expression levels of DMT1 and TFR were obviously decreased ([Fig. 1B](#fig1){ref-type="fig"}, [E](#fig1){ref-type="fig"} and [F](#fig1){ref-type="fig"}, *P* \< 0.05) in the adipose tissues of ob/ob mice. However, there was no statistical difference in the Fpn level in the adipose tissues although there was a trend toward an increase in the ob/ob mice compared with the WT mice ([Fig. 1B](#fig1){ref-type="fig"} and [G](#fig1){ref-type="fig"}, *P* \> 0.05). These observations further reinforced the potential involvement of iron in obesity.Figure 1Effects of obesity on iron status and metabolism of adipose tissue. (A) Perl's DAB staining confirmed that iron deposits were statistically increased in the epididymal fat pad of adult ob/ob mice compared with WT mice. (B, C, D, E, F and G) Western blot analysis revealed that the levels of UCP1, PPARγ, DMT1 and TFR were significantly decreased in the adipose tissues of the ob/ob mice, compared with the WT mice. β-Actin was the internal control. The data are presented as the mean ± [s.d.]{.smallcaps} (*n* = 8). \**P* \< 0.05 compared with the vehicle control.

DFO treatment ameliorates lipid metabolism in adipose tissues of ob/ob mice
---------------------------------------------------------------------------

We previously showed that body weight tended to be decreased, whereas body temperature was significantly elevated after DFO treatment, indicating that the DFO-induced reduction in body weight might be involved in energy dissipation in ob/ob mice ([@bib10]). In this study, we first assessed the effects of DFO on adipose tissue pathology. As shown in [Fig. 2A](#fig2){ref-type="fig"}, the smaller adipocytes in the epididymal fat pad was more frequency in the DFO-treated ob/ob mice than that in the vehicle-treated ob/ob mice, indicating decreased fatty accumulation in the adipose tissues of the ob/ob mice.Figure 2DFO treatment ameliorates adipose tissue pathology and lipid metabolism in ob/ob mice. (A) Histopathological examination by H&E staining showed that the DFO treatment altered adipocyte size in the *ob/ob* mice at 26 weeks. (B, C, D, E and F) Western blot analysis revealed that the expression levels of UCP1, PPARγ, PGC-1α and TFAM were higher in the DFO-treated mice than in the vehicle-treated mice. β-Actin was the internal control. (G) Immunofluorescence with Anti-TFAM antibody, DAPI and MitoTracker Green in the adipose tissues. The data are presented as the mean ± [s.d.]{.smallcaps} (*n* = 8). \**P* \< 0.05 compared with the vehicle control.

To further evaluate the effect of DFO treatment on activation of adipogenesis and thermogenesis, we measured the expression levels of UCP1, PPARγ and PGC-1α in the epididymal adipose tissues of mice. Western blot analysis revealed that the expression levels of UCP1, PPARγ and PGC-1α in the DFO-treated mice were higher than those of the vehicle-treated mice ([Fig. 2B](#fig2){ref-type="fig"}, [C](#fig2){ref-type="fig"}, [D](#fig2){ref-type="fig"} and [E](#fig2){ref-type="fig"}, *P* \< 0.05). Interestingly, we found that DFO treatment significantly increased the expression level of TFAM in the adipose tissue of ob/ob mice ([Fig. 2F](#fig2){ref-type="fig"}, *P* \< 0.05). Immunofluorescence results using co-immunolabeling of TFAM and MitoTracker Green indicated that mitochondrial content was enhanced with increased levels of TFAM in the adipose tissue from the DFO-treated mice relative to vehicle controls ([Fig. 2G](#fig2){ref-type="fig"}).

These findings indicate that DFO treatment could substantially ameliorate adipocyte hypertrophy by mediating the lipid metabolism and mitochondrial biogenesis of the adipose tissue in ob/ob mice.

DFO treatment improves insulin sensitivity in the adipose tissues of ob/ob mice
-------------------------------------------------------------------------------

It is well known that the impacts of iron overload on adipose tissue are associated with insulin resistance ([@bib11]). Moreover, we previously found that serum insulin level in the *ob/ob* mice decreased significantly after DFO treatment ([@bib10]). To explore the possibility that direct chelation of DFO in adipose tissue is responsible for anti-obesity and improved insulin sensitivity, components of the insulin signaling pathways were investigated in adipose tissue. Western blot analysis demonstrated that, compared with the vehicle-treated *ob/ob* mice, the DFO treatment significantly increased the levels of p-IR, p-AKT and p-GSK3α/β, but there were no significant differences in the total amounts of IR, AKT and GSK3α/β ([Fig. 3A](#fig3){ref-type="fig"}, [B](#fig3){ref-type="fig"}, [C](#fig3){ref-type="fig"} and [D](#fig3){ref-type="fig"}, *P* \< 0.05).Figure 3Effects of DFO on insulin resistance in the adipose tissues of ob/ob mice. (A, B, C and D) The levels of proteins associated with the insulin signaling pathway were evaluated by Western blotting. (B, C and D) Statistical analysis showed that the DFO treatment significantly increased the p-IR/IR, p-AKT/AKT and p-GSK3α/β/GSK3α/β ratios. β-Actin was the internal control. The data are presented as the mean ± [s.d.]{.smallcaps} (*n* = 8). \**P* \< 0.05 vs vehicle control.

DFO treatment improves iron accumulation and regulates intracellular iron metabolism in the adipose tissues of ob/ob mice
-------------------------------------------------------------------------------------------------------------------------

We then investigated whether amelioration of adipocyte hypertrophy by DFO was involved in the distribution and metabolism of iron in the epididymal adipose tissues of ob/ob mice. Analysis of the Perl's DAB-stained sections confirmed that iron-positive cells were distributed throughout the adipose tissues in all examined animals ([Fig. 4A](#fig4){ref-type="fig"}). Iron deposits were mainly located as brown granules in the adipocytic cytoplasm around the marginal nucleus and the interstitial spaces. However, the iron-positive staining density (especially outside the adipocytes) in the adipose tissues of the DFO-treated mice was relatively lower than that in those of the vehicle-treated mice ([Fig. 4A](#fig4){ref-type="fig"}, *P* \< 0.05), indicating a decreased iron concentration in the adipose tissues of DFO-treated mice.Figure 4DFO treatment improves iron accumulation and regulates intracellular iron metabolism in the adipose tissues of ob/ob mice. (A) Perl's DAB staining confirmed that the DFO treatment improved adipose tissue iron deposition in the *ob/ob* mice. (B, C, D and E) Western blot analysis revealed that the levels of TFR were significantly increased and that Fpn expression was decreased in the adipose tissues of the *ob/ob* mice. β-Actin was the internal control. The data are presented as the mean ± [s.d.]{.smallcaps} (*n* = 8). \**P* \< 0.05 compared with the vehicle control.

Next, we further analyzed the effects of DFO on the expression levels of several major iron transport-related proteins, namely, TFR, DMT1 and Fpn, in adipose tissue. TFR expression at the protein level was significantly increased in the adipose tissues ([Fig. 4B](#fig4){ref-type="fig"} and [D](#fig4){ref-type="fig"}, *P* \< 0.05), but there was no significant difference in the expression levels of DMT1 after the DFO treatment compared with the vehicle control ([Fig. 4B](#fig4){ref-type="fig"} and [E](#fig4){ref-type="fig"}, *P* \> 0.05). Meanwhile, we also observed that treatment with DFO promoted a significant reduction in Fpn expression in the adipose tissues of the *ob/ob* mice ([Fig. 4B](#fig4){ref-type="fig"} and [C](#fig4){ref-type="fig"}, *P* \< 0.05), suggesting that the DFO treatment resulted in an increase in iron uptake and a decrease in iron export for the maintenance of adipocytic iron homeostasis.

DFO treatment abates inflammation by controlling oxidative stress, NF-κB p65 and JNK activation in the adipose tissues of ob/ob mice
------------------------------------------------------------------------------------------------------------------------------------

To assess how DFO treatment affects the development of adipose tissue inflammation, we first investigated the expression levels of SOD1, Gpx4 and NF-κB p65 and activation of JNK. As shown in [Fig. 5](#fig5){ref-type="fig"}, compared with the vehicle-treated controls, the SOD and Gpx4 protein levels were markedly increased in the animals treated with DFO for 15 days ([Fig. 5A](#fig5){ref-type="fig"}, [C](#fig5){ref-type="fig"} and [D](#fig5){ref-type="fig"}, *P* \< 0.05), whereas ROS production was significantly decreased ([Fig. 5B](#fig5){ref-type="fig"}, *P* \< 0.05). Moreover, compared with the vehicle-treated mice, the DFO treatment significantly decreased the levels of NF-κB and activated p-JNK ([Fig. 5A](#fig5){ref-type="fig"}, [E](#fig5){ref-type="fig"} and [G](#fig5){ref-type="fig"}, *P* \< 0.05). Consequently, the DFO-induced antioxidant effects decreased the mRNA levels of inflammatory cytokines such as *TNFα, IL-2* and *IL-6* ([Fig. 5I](#fig5){ref-type="fig"}, [J](#fig5){ref-type="fig"} and [K](#fig5){ref-type="fig"}, *P* \< 0.05), although the level of *IL-1β* mRNA showed an increasing trend in the DFO-treated mice compared with the vehicle-treated ob/ob mice. Of note, immunohistochemistry analysis of the sections confirmed that *Hepcidin* was highly expressed in both the liver cells and adipocytes of the untreated ob/ob mice and that the DFO treatment weakened the positive signals, although the level of *Hepcidin* mRNA did not significantly change in the liver, even markedly increased in adipose tissue of DFO-treated mice ([Fig. 5L](#fig5){ref-type="fig"} and [M](#fig5){ref-type="fig"}). However, the level of the cleaved caspase-3 protein did not show a statistically significant decrease in the DFO-treated mice ([Fig. 5A](#fig5){ref-type="fig"} and [F](#fig5){ref-type="fig"}, *P* \> 0.05). These findings indicate that DFO treatment can substantially inhibit adipose tissue inflammation without affecting apoptosis in ob/ob mice.Figure 5Effects of DFO on the adipose tissue oxidative stress and inflammatory signaling pathways of ob/ob mice. (A) The fat samples were lysed, and Western blotting was performed. β-Actin was the loading control. The figure shows representative results obtained in 8 mice per group. (B) DFO treatment lowered the ROS contents of the adipose tissues in the *ob/ob* mice. (C, D, E, F and G) As assessed by Western blot, the SOD1 and Gpx4 protein levels were increased, and the p-JNK1/2/JNK1/2 ratio and NF-κB p65 level were decreased; however, there was no significant difference in the expression level of cleaved-caspase-3 after the DFO treatment. (H, I, J and K) Total RNA was extracted from the same fat samples in the ob/ob mice, and the *IL-1β, IL-2, IL-6* and *TNF-α* mRNA levels were quantified relative to the *GAPDH* mRNA levels. (M and L) Representative data of the immunohistochemical staining analysis with the *Hepcidin* antibody (black arrows) in paraffin-embedded sections of the liver and epididymal fat from the ob/ob mice, and the mRNA levels of *Hepcidin* were also quantified. The data are presented as the mean ± [s.d.]{.smallcaps} (*n* = 8). \**P* \< 0.05 compared with the vehicle control.

DFO treatment induces increased HIF-1α, GLUT1 and GLUT4 expression by activation of P38 in the adipose tissues of ob/ob mice
----------------------------------------------------------------------------------------------------------------------------

Our previous study revealed that DFO could induce HIF-1α accumulation via P38 MAPK-dependent mechanisms in fatty degeneration of the mouse liver ([@bib10]). Thus, experiments were also performed to determine whether DFO treatment could affect the expression of HIF-1α and HIF-1-adaptive targets. Indeed, at the end of 15 days of DFO treatment, phosphorylation of P38 was significantly increased in parallel with increased protein levels of HIF-1α, GLUT1 and GLUT4 in the adipose tissues of the ob/ob mice ([Fig. 6A](#fig6){ref-type="fig"}, [B](#fig6){ref-type="fig"}, [C](#fig6){ref-type="fig"}, [D](#fig6){ref-type="fig"} and [E](#fig6){ref-type="fig"}, *P* \< 0.05). These results suggest that the P38/HIF-1α pathway is involved, in part, in the improvement of adipocytic glucose homeostasis and insulin resistance in ob/ob mice.Figure 6DFO treatment induces increased HIF-1α, GLUT1 and GLUT4 expression via activation of P38MAPK in the adipose tissues of ob/ob mice. (A) Total protein was extracted from the same fat samples. The protein levels of p-P38, P38, HIF-1α, GLUT1 and GLUT4 were determined by Western blotting and normalized to the β-actin protein levels. Statistical analysis showed that the DFO treatment significantly increased the p-P38/P38 ratio and (B) the protein levels of HIF-1α (C), GLUT1 (D), and GLUT4 (E) in the adipose tissues of the *ob/ob* mice. The data are presented as the mean ± [s.d.]{.smallcaps} (*n* = 8). \**P* \< 0.05 compared with the vehicle control.

Discussion
==========

We have shown that DFO treatment alleviates hepatic steatosis via reductions in hepatic iron deposition, oxidative stress and proinflammatory cytokines and via increases in HIF-1α and lipid- and energy-associated metabolism proteins in ob/ob mice ([@bib10]). In line with this idea, we also found that the reduction in iron levels by iron chelator DFO can ameliorate adipocyte hypertrophy by suppressing oxidative stress and inflammatory cytokines as reported previously in obese and type 2 diabetes KKAy mice ([@bib9]). More importantly, we have demonstrated that DFO directly targets several key regulators of HIF-1α and its target proteins (GLUT1 and GLUT4), adipogenesis and thermogenesis (UCP1, PPARγ, PGC-1α, and TFAM), adipocytic iron homeostasis (TFR, DMT1, Fpn, and Hepcidin), and insulin signaling.

Many studies have also reported that ob/ob mice have shown obesity and histopathological characteristics such as enlarged fat ([@bib26], [@bib27]); however, the interaction between the abnormal iron homeostasis and the progression of histopathological changes of adipose tissues has not been elucidated. In agreement with previous observations with older ob/ob mice ([@bib28], [@bib29]), we confirmed that fat iron concentrations were significantly elevated relative to age-matched WT mice. Accordingly, we also found that various markers of lipid metabolism, such as UCP1 and PPARγ, were significantly down-regulated, and iron-uptake-related proteins TFR and DMT1 were all concomitantly down-regulated, but the only iron output protein Fpn was slightly up-regulated in ob/ob mice compared to WT mice. Our data indicate that iron deposition is increased in adipose tissues of 26-week-old ob/ob mice along with accumulated fat, which likely results in the compensatory response via changed iron regulation proteins expression. Thus, it is tempting to speculate that strategies to reduce iron concentration might ameliorate adipocyte dysfunction.

In fact, during the present study, we compared mice that received intraperitoneal DFO to those that received vehicle alone and found that the body weights of the ob/ob mice tended to be decreased after the DFO treatment, whereas no significant difference in food intake and the ratio of the liver weight to body weight between the groups was evident, indicating that the DFO-induced reduction in body weight might be involved in energy dissipation in ob/ob mice ([@bib10]). This finding led us to investigate obesity-related pathologies in the adipose tissues of DFO- and vehicle-treated ob/ob mice. Here, histological examination of the adipose tissues revealed that the DFO treatment decreased adipocyte hypertrophy compared with vehicle alone in the ob/ob mice. To determine the mechanism underlying these histological differences, we examined the adipose tissue proteins associated with dysfunctional adipocyte lipid mechanism ([@bib30], [@bib31]). We found that the UCP1, PPARγ and PGC-1α levels were significantly higher in the DFO-treated mice. It should be noted that DFO treatment improved PGC-1α induced TFAM expression and mitochondrial content, suggesting that mitochondrial biogenesis, which plays an important role in cell survival and repair ([@bib32]), was increased in adipose tissue of ob/ob mice. Interestingly, the over-expressed PGC-1α in white adipocytes may lead to a phenotype similar to that of brown adipose tissue ([@bib33]). Of course, we will need further study to clarify them. Together with the findings of our previous study, in which DFO was shown to decrease serum lipids and increase body temperature ([@bib10]), the findings of the present study suggest that treatment with iron chelators might improve adipogenesis and thermogenesis in adipose tissues of ob/ob mice.

It has been demonstrated that ob/ob mice are predisposed to the development of obesity, insulin resistance and dyslipidemia ([@bib34]). Furthermore, it is noteworthy that iron is associated with adipocyte insulin resistance and T2DM ([@bib35], [@bib36]). It has been reported that, in murine models, iron-enriched diets decrease adipocyte insulin sensitivity and are associated with visceral adipose tissue hyperplasia and hypertrophy; however, iron-restricted diets lead to opposite effects ([@bib16], [@bib37]). Therefore, we presume that the DFO-induced decrease in adipocyte hypertrophy may also be related to increased insulin sensitivity and a subsequent reduction in adipogenesis and visceral adiposity ([@bib14], [@bib38]). Here, we observed significant increases in the phosphorylated levels of IR, AKT and GSK3β in the adipose tissues of DFO-treated ob/ob mice compared with vehicle-treated ob/ob mice, which was the expected result.

In fact, growing evidence supports the involvement and interrelatedness of iron and adipocyte metabolism ([@bib14], [@bib35], [@bib39], [@bib40]). To clarify the mechanisms of the abovementioned effects by iron chelators, we further assessed whether the DFO treatment modulated iron distribution and metabolism in the adipose tissues of the ob/ob mice. We found that the histological features of iron accumulation in the adipose tissue were markedly improved after 15 days of DFO treatment. Concerning the involvement of various iron transport proteins in the protective effect of DFO against iron-deposition obesity-related pathologies, we demonstrated that TFR, an iron uptake protein, was increased, while Fpn, the only iron-export-related protein, was reduced. Intriguingly, compared to the vehicle-treated ob/ob mice, weak Hepcidin staining by immunocytochemical analysis was detected in both the hepatocytes and adipocytes obtained from the DFO-treated ob/ob mice, but the level of *Hepcidin* mRNA did not significantly change in the liver, even markedly increased in adipose tissue. It is possible that the increased *Hepcidin* mRNA levels in the adipocytes may be exploited to down-regulate FPN expression, thereby contributing to iron homeostasis within these cells after DFO treatment. Indeed, recent studies have also noted that Hepcidin, an adipokine synthesized mainly by hepatocytes and to a minor extent by adipocytes and macrophages, is not only up-regulated by iron overload but also induced in inflammation ([@bib41]), and Hepcidin expression is markedly elevated in enlarged adipose tissues ([@bib42], [@bib43]). It is well established that Hepcidin binds to the cellular iron exporter Fpn, resulting in the internalization and degradation of Fpn and the prevention of iron efflux from adipocytes and macrophages, thus dropping systemic iron levels ([@bib35], [@bib44]). These findings suggest that DFO treatment reduces adipocytic iron deposition by regulating adipocyte iron homeostasis rather than by directly depriving the system of iron.

Notably, Hepcidin is not only induced by iron but also up-regulated in inflammation, largely through IL-6 ([@bib41]). Iron homeostatic pathways are tightly related to inflammatory stressors, and one of the mechanisms could be through the ability of Hepcidin to cause oxidant stress that may be linked to inflammation. Thus, the expression level of Hepcidin could reflect either the availability of iron or the inflammatory state of the adipose tissue. Consistent with a previous study ([@bib9]), in the present study, we showed that DFO therapy was beneficial for reducing the levels of oxidative stress and inflammatory cytokines (TNFα, IL-2, and IL-6) in adipose tissue and for ameliorating adipocyte hypertrophy in obese ob/ob mice. Similarly, we observed increases in the activities of innate antioxidant enzymes such as Gpx4 and SOD1 in DFO-treated adipose tissue. In addition, ROS and its target JNK and NFκBp65 signaling were inhibited, but the levels of cleaved caspase-3 were not markedly decreased after DFO treatment. Thus, the DFO-mediated improvement in visceral fat pad function can also account for the down-regulation of ROS-induced insulin resistance and inflammation ([@bib45], [@bib46]) rather than apoptosis.

As further evidence supporting the use of iron chelators as a potential therapeutic strategy, groups including our own have shown that iron chelators affect the stabilization of HIF-1α and the activation of HIF-1α target factors ([@bib10]) well beyond the scope of preventing oxidant stress and inflammation ([@bib9]). In fact, HIFs have also been known to regulate energy utilization in the liver, muscle and fat by stimulating glycolysis and glucose transport to increase glycolytic metabolism ([@bib35], [@bib47]). Nevertheless, paradoxical effects have been observed in adipocyte-specific HIF1α knockout mice, where inhibition of HIF1 ameliorates obesity and insulin resistance in adipose tissue ([@bib48]). Our present study demonstrated that the expression levels of HIF1α and its target proteins GLUT1 and GLUT4, which are involved in glucose metabolism, were significantly elevated in the epididymal adipose tissues of the DFO-treated mice. To better understand the mechanisms of DFO-associated HIF1α up-regulation, we analyzed phosphorylation of P38 and observed an increase in P38 activation in the epididymal adipose tissues of the DFO-treated mice. Accordingly, we presume that the visceral adiposity-suppressing effects of DFO may be linked to the increases in HIF1α and its adaptive property-related proteins, namely TFR1 and GLUT1, in the epididymal adipose tissues of mice. Interestingly, as described earlier, activated AKT can stimulate the expression of HIF-1α pathway proteins ([@bib49]). Studies by several groups have demonstrated that, in skeletal muscle and white adipose tissue, PPARγ and PGC-1α are required for induction of HIF1α target proteins through a mechanism involving stabilization of HIF1α ([@bib50], [@bib51], [@bib52]). This observation can explain the findings of the present study whereby adipocyte dysfunction and insulin resistance in adipose tissue are improved in DFO-treated mice compared with vehicle-treated mice.

According to the current findings, iron seems to accumulate in the adipose tissues of 26-week-old ob/ob mice with increased body fat and impaired insulin actions. In addition to suppression of oxidative stress, macrophage infiltration and inflammatory cytokines ([@bib9]), the alleviation of obesity and insulin resistance by the iron chelator DFO may be due in part to direct or indirect DFO-mediated regulation of iron, glucose and lipid metabolism. Thus, this iron chelator should be considered as a potential therapeutic agent in obesity. However, the clinical use of DFO for obesity might be limited because of its known side-effects including systemic metal ion depletion after long-term treatment ([@bib53]), but above that because some of the obese children might be more prone to iron deficiency ([@bib28], [@bib29]). Further studies on the involvement of iron metabolic alterations in adipose tissue might provide new approaches for better obesity control.

Declaration of interest
=======================

The authors declare that there is no conflict of interest that could be perceived as prejudicing the impartiality of the research reported.

Funding
=======

This work did not receive any specific grant from any funding agency in the public, commercial, or not-for-profit sector.

This study was funded by the Student's Platform for Innovation and Entrepreneurship Training Program (170104). The work was also supported by the Natural Science Foundation of China (U1608282, 81430025, 81600941).

[^1]: \*(H-F Yan and Z-Y Liu contributed equally to this work)
